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Structural changes for a series of antimicrobial peptides in various solvents were investigated by a combined approach of FTIR and CD
spectroscopy. The well-characterized and potent antimicrobial peptides indolicidin and tritrpticin were studied along with several analogs of
tritrpticin, including Tritrp1 (amidated analog of tritrpticin), Tritrp2 (analog of Tritrp1 with Arg→Lys substitutions), Tritrp3 (analog of Tritrp1
with Pro→Ala substitutions) and Tritrp4 (analog of Tritrp1 with Trp→Tyr substitutions). All peptides were studied in aqueous buffer, ethanol and
in the presence of dodecylphosphocholine (DPC) micelles. It was shown that tritrpticin and its analogs preferentially adopt turn structures in all
solvents studied. The turn structures formed by the tritrpticin analogs bound to DPC micelles are more compact and more conformationally
restricted compared to indolicidin. While several peptides showed a slight propensity for an α-helical conformation in ethanol, this trend was only
strong for Tritrp3, which also adopted a largely α-helical structure with DPC micelles. Tritrp3 also demonstrated along with Tritrp1 the highest
ability to interact with DPC micelles, while Tritrp2 and Tritrp4 showed the weakest interaction.
© 2006 Elsevier B.V. All rights reserved.Keywords: Antimicrobial peptide; CD spectroscopy; FTIR spectroscopy; Indolicidin; Tritrpticin1. Introduction
Extensive worldwide use of conventional antibiotics over the
last few decades has resulted in the emergence of new strains of
bacteria that are resistant to most and sometimes even all
available antibiotics [1]. As a result, the development of new
classes of antibiotics, which can overcome such resistance, has
become an increasingly important issue. In this context,
antimicrobial peptides have garnered significant interest in
recent years. These peptides play a major role in the innate
immune system of all living organisms, including vertebrates,
insects, bacteria and plants (e.g. [1–5]). It has been shown that
antimicrobial peptides exhibit significant activity against a
broad spectrum of microbial organisms, including Gram-
positive and Gram-negative bacteria, protozoa, fungi and, in
some cases, enveloped viruses as well as virally infected cellsAbbreviations: Indo, indolicidin; Trp, tritrpticin; FTIR, Fourier transform
infrared spectroscopy; ATR, attenuated total reflectance; CD, circular dichroism;
TFE, trifluoroethanol; DMSO, dimethyl sulphoxide; DPC, dodecylphosphocho-
line; TFA, trifluoroacetate
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doi:10.1016/j.bbamem.2006.07.013and tumor cells (e.g. [3]). However, they exhibit a broad range
of activity that in some cases unfortunately includes healthy
eukaryotic cells like the erythrocytes (e.g. [2,4,6,7]). The
hemolytic and general cytotoxic activity of antimicrobial
peptides is a drawback for future clinical applications and
many studies are aimed at improving their therapeutic indices
[8].
Despite the wide variety of structures, antimicrobial peptides
have several common features: they are generally composed of
up to 60 amino acid residues, they are highly cationic, they are
hydrophobic and amphiphatic, and in most cases they are
membrane active [4]. The mechanism of action of antimicrobial
peptides is still a subject of considerable debate. It was
originally believed that most antimicrobial peptides act by
disrupting bacterial membranes either by forming pores or by
dissolving the membrane in a detergent-like manner [2,4,6].
This conclusion is supported by the fact that most of
antimicrobial peptides are amphiphatic containing cationic
and hydrophobic elements, which enables them to interact
with or insert into negatively charged bacterial membranes.
However, it has recently been reported that several peptides
show no direct correlation between antimicrobial activity and
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suggested that some antimicrobial peptides can spontaneously
enter cells and interact with DNA, proteins or other intracellular
targets and thus interfere with macromolecular synthesis (e.g.
[2,9–14]).
Based on the secondary structure, antimicrobial peptides can
be categorized into four major groups: β-sheet structures
stabilized by two or three disulfide bridges, α-helices, extended
structures with a predominance of one or more amino acids, and
loop structures containing only one disulfide bridge [3,10]. In
the present study we focused on two peptides falling into the
category of peptides with a predominance of one or more amino
acids, namely indolicidin and tritrpticin.
Both indolicidin and tritrpticin are relatively short peptides
consisting of only 13 residues (Table 1) and both are members
of the cathelicidin family of peptides, which are synthesized as
larger precursor molecules in bone marrow [15]. Another
common feature of both peptides is the very high content of
tryptophan (39% in indolicidin and 23% in tritrpticin) and
arginine residues (15% and 31%, respectively). Both peptides
also possess 3 and 2 proline residues, respectively (Table 1).
Indolicidin was first isolated from the cytoplasmic granules
of bovine neutrophils [16]. Tritrpticin is thought to be released
from a cathelicidin found in porcine leukocytes [17]. Both
peptides have a broad spectrum of antimicrobial activity against
Gram-positive and Gram-negative bacteria and fungi [16–18]
and in the case of indolicidin activity against protozoa has also
been observed [19]. Unfortunately, indolicidin and tritrpticin
exhibit relatively high hemolytic activity (e.g. [20–22]). There-
fore, over the last decade much effort was directed towards
investigating their secondary structure, antimicrobial and
hemolytic activity and elucidating the mechanism of action
for indolicidin (e.g. [9,13,20,23–25]) and tritrpticin [14,21,26–
28]. The NMR solution structures have been solved for both
indolicidin [24] and tritrpticin [26] and significant progress has
been made in understanding the role of each amino acid residue
on the activity of indolicidin by means of selected substitutions
of one residues [9,22,29–31]. However, much less is known
about the role of particular amino acid residues in tritrpticin and
only a few studies have been published in this matter
[21,27,32]. Recently, the solution NMR structures for an
extensive set of tritrpticin analogs with various amino acid
substitutions have been solved and antimicrobial and hemolytic
activity have been determined in our laboratory [14] (Table 1).
We are currently expanding this investigation by employing
FTIR and CD spectroscopy to investigate the secondary struc-Table 1
Sequences and net charges for the six peptides used in the study
Peptide Sequence Net charge
Indolicidin ILPWKWPWWPWRR-NH2 +4
Tritrpticin VRRFPWWWPFLRR-COO− +4
Tritrp1 VRRFPWWWPFLRR-NH2 +5
Tritrp2 VKKFPWWWPFLKK-NH2 +5
Tritrp3 VRRFAWWWAFLRR-NH2 +5
Tritrp4 VRRFPYYYPFLRR-NH2 +5
The substitutions in tritrpticin analogs are indicated in bold.ture of tritrpticin and its analogs Tritrp1, Tritrp2, Tritrp3 and
Tritrp4 (Table 1) in water, ethanol, TFE, DMSO and in an
aqueous solution containing DPC micelles in order to determine
the range of the possible conformations in different membrane
mimetic conditions. Finally, we also included in our studies
indolicidin as a control peptide considering that extensive
information on its structure in various environments is available
from the literature.
Both FTIR (e.g. [33–43]) and CD (e.g. [44–46]) spectro-
scopy have been widely used to obtain information on protein
and peptide secondary structure. While these techniques
cannot provide 3-dimensional structures of the molecules at
atomic resolution, they provide an overview of the secondary
structures of peptides and proteins. In addition, a significant
advantage of FTIR spectroscopy is the ability to use a wide
variety of solvents, including micelles and lipid vesicles,
whereas the use of CD spectroscopy is limited due to light
scattering. Finally, FTIR often allows simultaneous detection
of the changes both in the peptide secondary structure and in
the side chain interactions.
Organic solvents have been extensively used for structural
characterization of peptides and proteins [36,47–49]. Ethanol
and trifluoroethanol (TFE) are known to induce helical
structures in proteins and peptides if they possess a propensity
to form helices [36,44,49–51]. Dimethyl sulphoxide (DMSO) is
known to disrupt the secondary structure of peptides and
proteins due to the formation of hydrogen bonds between the
peptide N–H groups and SfO groups of DMSO, which are
stronger hydrogen bond acceptors than CfO peptide groups
[36,47,48,52]. Therefore, FTIR studies of peptides in DMSO
allow a determination of the solvent accessibility as well as the
presence of any strong intramolecular hydrogen bonds in the
peptides, which cannot be disrupted by interaction with DMSO
(e.g., in cyclic structures) [47,48].
Frequently, aqueous suspensions of micelles are used to
mimic a membrane. The most widely used systems are
dodecylphosphocholine (DPC) and sodium dodecylsulfate
(SDS) [21,24,26,53]. While SDS micelles are negatively
charged they can be used to mimic the negatively charged
bacterial membranes, whereas DPC micelles are zwitterionic,
thus modelling mammalian cells. DPC and SDS micelles are
also well suited membrane models for NMR experiments due to
their relatively small size [14,24,26].
The main objective of the present study is to establish the
range of possible peptide structural variations depending on the
environment. Unlike some of the cyclic peptides used in
previous studies of peptide–membrane interactions (e.g.,
gramicidin S [7]), which do not undergo any conformational
changes upon the interaction with lipid bilayer and all spectral
changes arise from the actual peptide–lipid interaction, the
peptides used in the present investigation can change their
structure under the influence of factors such as solvent polarity,
ability to form H-bonding and other environmental effects.
Structural change can also occur upon peptide partitioning into
lipid bilayer. Thus, we need to know the range of possible
variations in the peptide structure before attempting any
peptide–lipid interaction studies. Knowing the range of possible
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us better assignment of the respective amide I spectral features
in the follow-up peptide–lipid study.
Another objective of this study is to compare the results
obtained for these peptides in DPC micelles with the NMR data
obtained earlier in order to validate the secondary structure
determination, since this is not a trivial task for peptides with
such atypical composition and structure. There is a significant
amount of structural data available for indolicidin [20,23–
25,53], as well as NMR data obtained for tritrpticin and its
analogs [14,26], which we used to compare our conclusions
about the peptide structure. The fact that most of NMR data for
tritrpticin analogs were obtained in DPC micelles prompted us
to use this medium in order to perform a valid comparison of the
structural information obtained by IR and CD in the present
work with the existing NMR data.
2. Materials and methods
Indolicidin was purchased from Anaspec (San Jose, CA). Tritrpticin and all
its analogs were synthesized using standard FMOC chemistry. Tritrpticin was
synthesized at the Peptide Synthesis Facility at Queens University (Kingston,
Ont). Tritrp1–4 were synthesized at the University of Victoria Protein Chemistry
Centre (Victoria, B.C.) on an Applied Biosystems model 430A peptide
synthesizer. All peptides were purified using reverse-phase high performance
liquid chromatography (RP-HPLC). D2O (99.9%) was purchased from Cam-
bridge Isotope Laboratories, Inc. (Andover, MA). HCl (concentrated), ethanol,
methanol, DMSO, TFE, HEPES and all salts were purchased from Fisher
Scientific. DPC was purchased from Avanti Polar Lipids, Alabaster, AL. Double
distilled water was used in all experiments.
2.1. Peptide purification from TFA
Prior to the IR measurements all peptides were subjected to the removal of
trifluoroacetate (TFA) CF3COO
− counterions, used during the peptide synthesis.
TFA must be removed because the very strong CfO stretching band of TFA
overlaps with the amide I band of the peptides thus preventing further IR
analysis [40,54]. The peptides were initially dissolved in H2O at a concentration
of 1 mg/mL and were mixed with 2 mM HCl and lyophilized overnight (the
detailed TFA removal procedure is described elsewhere [54]). The procedure
was repeated 3 times.
2.2. FTIR experiments
The peptide samples were dissolved in one of the following solutions at a
concentration of 2 mg/mL: D2O-based HEPES buffer (10 mM HEPES and
100 mM NaCl, pH 7.5), ethanol (100%), methanol (100%), TFE (50% mixture
with D2O), and DMSO (100%). The IR spectra for all peptides in methanol were
identical to those in ethanol and therefore will not be shown and discussed. The
IR spectra for most peptides in 50% TFE revealed peptide structure similar to
that in buffer and will not be shown for clarity of the figures.
The peptide mixtures with DPC micelles were prepared as follows: an
appropriate volume of the peptide solution in ethanol was added to a DPC
solution in chloroform, mixed well and dried under gentle argon flow. To
remove the traces of the organic solvents the samples were kept in a vacuum
chamber at 100 mm Hg overnight. Before the measurements the samples were
hydrated with D2O and briefly vortexed to form a homogeneous micelle
suspension. The final concentrations were 2 mg/mL of peptide and 150 mM of
DPC.
The peptide sample (20 μL) was deposited on the Attenuated Total
Reflectance (ATR) crystal for FTIRmeasurements. All IR spectra were collected
with an Equinox 55 FTIR spectrophotometer (Bruker Optics, Inc., Billerica,
MA) with a Bio-ATR II attachment (Bruker Optics, Inc.) equipped with a Silicon
ATR crystal. A total of 256 scans were accumulated for each spectrum at 4 cm−1resolution. ATR spectra were automatically converted to absorption spectra
using the Opus 4.2 software (Bruker Optics, Inc.). The ATR attachment was
continuously purged with dry N2 gas. In addition, residual water vapour traces
were removed by the Atmospheric Water Compensation subroutine in Opus 4.2
software. Solvent spectra obtained under the same conditions were subtracted
from all sample spectra. Baseline correction was performed by the Opus 4.2
software. All IR spectra were normalized to 2.0 a.u. (absorption units) for easier
comparison. All measurements were performed at room temperature. The amide
I region (1700–1600 cm−1) was used for peptide structure determination. The
regions of the Arg and Trp side chain absorptions (1615–1570 and 1355–
1315 cm−1, respectively) were also used to monitor the changes in the side chain
interactions. The Arg absorption bands are shown together with the amide I
region in the figures, while the Trp absorption band is shown in the inserts. Due
to the composite character of the amide I band (denoted as amide I′ in D2O
solutions), the second derivative resolution enhancement technique was applied
to determine the number and positions of the overlapped component bands [34–
37]. Their wavenumbers are indicated for all IR spectra in the figures. The
presence of certain peptide secondary structure elements was determined based
on the positions of the component bands [33–36,47,48,52]. In order to quantify
the approximate amount of each peptide secondary structure, a least-square
iterative curve fitting was performed with the aid of Advanced Peak Fitting
Module supplied with Origin 7.0 software package (OriginLab Corporation,
Northampton, MA). The number and position of the component bands obtained
from the second derivative resolution enhancement were used as input
parameters for the curve fitting. Voigt band shape, representing a convolution
of a Lorentzian with a Gaussian function, was used [55]. The area of all the
component bands assigned to a certain conformation was summed up and its
percentage in the total area of all bands was considered to reflect the
approximate amount of each structure [33–36,38,55,56].
2.3. CD experiments
The peptide samples were dissolved in one of the following solutions at a
concentration of 0.1 mg/mL (∼50 μM): H2O-based HEPES buffer (10 mM
HEPES and 100 mM NaCl, pH 7.5), ethanol (100%), TFE (50% mixture with
H2O). The CD spectra for most peptides in 50% TFE were similar to those in
buffer and will not be shown for clarity of the figures.
Peptide mixtures with DPC micelles were prepared in the same way as for
the IR measurements, with peptide concentrations of 0.1 mg/mL and a DPC
concentration of 50 mM (reducing the DPC concentration compared to the IR
experiment was necessary due to strong light scattering by the micelles).
200 μL of the sample was used in a quartz rectangular UV cell with a
pathlength of 1 mm. CD spectra were recorded using a Jasco J-715 spectro-
polarimeter (JASCO Corporation, Tokyo, Japan). A total of 3 scans were
accumulated and averaged for each spectrum at a resolution of 0.5 nm in a
wavenumber range 180–260 nm. Due to strong absorption of some solvents in
the far-UV region some spectra were usable only from 190 or 200 nm. The
solvent spectra measured at identical conditions, were subtracted from all
sample spectra. Noise reduction was performed using the supplied subroutine in
the Jasco software. The data are represented as mean residue ellipticity. All
measurements were performed at room temperature. Due to strong overlap of the
backbone signal with aromatic side chain signal it was not possible to perform
automatic secondary structure estimation using the common deconvolution
methods.3. Results
All FTIR and CD experiments were performed with the 6
peptides listed in Table 1.
3.1. DMSO
IR spectra of the amide I band for all the peptides in DMSO
are displayed in Fig. 1. All traces represent a single IR band with
the maximum at 1663 cm−1. The spectra essentially overlap for
Fig. 1. IR spectra of all peptides in DMSO. The spectra are overlayed to show
the similarity.
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proteins in DMSO [52].
DMSO is capable of completely disrupting all intramolecular
hydrogen bonds in globular proteins [52]. DMSO does not
provide any H-bond donors, but its SfO groups are stronger H-
bond acceptors than the peptide CfO groups. Thus, all peptide
N–H groups are hydrogen bonded to solvent molecules and all
peptide CfO groups are not involved in any hydrogen bonding
(“free”). The IR spectrum of such “free” carbonyls usually
appears as a characteristic single band around 1663 cm−1
[33,34,36,52], as seen in Fig. 1 for all peptides. A shoulder at
∼1626 cm− 1, most pronounced for indolicidin, can be
attributed to a small degree of macromolecular aggregation
due to the presence of trace amounts of water in the solvent [52].Fig. 2. IR spectra in the amide I′ region (left) and CD spectra (right) of indolicidin i
shown under each experimental IR spectrum were generated by the curve fitting pro3.2. Buffer, ethanol and DPC
FTIR and CD spectra of all peptides in buffer, ethanol and
DPC micelles are shown in Figs. 2–7. IR absorption band
positions assigned to peptide secondary structures, tentative
percentage of each structure estimated from the band fitting as
well as the shift of Trp side chain residue IR absorption band are
given in Table 2.
3.3. IR spectra assignments
The assignments of the main IR absorption bands, given in
Table 2, are discussed here in more detail only for indolicidin as
an example. All the IR assignments are based on extensive
literature data [33–36,41,42,47,48,52,57,58]. It should be
pointed out that spectra in buffer, DPC and TFE were measured
in D2O-based solutions, which influences the IR band positions,
especially for the side chain vibrations. In particular, using D2O
solutions results in separating the α-helix and random coil IR
contributions by ∼10 cm−1 [33–36] and in a shift of the Arg
side chain IR bands from the amide I′ region to lower
wavenumbers [41,42], thus eliminating the need to subtract
these side chain contributions from the amide I′ band.
The IR band at 1667 cm−1 in buffer results from carbonyls
that are not involved in hydrogen bonding in turn structures
[33–36]. It was also shown by NMR that in tritrpticin analogs
forming turn structures a significant amount of the carbonyls are
not hydrogen-bonded [14]. Vibrations of such “free” carbonyls
may additionally contribute to the 1667 cm−1 IR band in all
tritrpticins and, possibly, in indolicidin. The presence of turns is
confirmed by a band at 1638 cm−1 attributed to intramolecular
H-bonded carbonyls that stabilize the β-turn structure
[36,47,48]. The band at 1649 cm−1 is assigned to unordered
structures with the amide carbonyls interacting with water
molecules [33–36]. The bands at 1607 and 1581 cm−1 arisen buffer, ethanol and DPC micelles. Individual component bands (dotted lines)
cedure. Trp absorption band is shown in the insert for buffer and DPC systems.
Fig. 3. IR spectra in the amide I′ region (left) and CD spectra (right) of tritrpticin in buffer, ethanol and DPCmicelles. Individual component bands (dotted lines) shown
under each experimental IR spectrum were generated by the curve fitting procedure. Trp absorption band is shown in the insert for buffer and DPC systems.
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guanidino group of Arg [41,42]. The band at 1657 cm−1 in
ethanol indicates the presence of short segments of α-helical
structure [33–36]. The band at 1624 cm−1 in DPC might be
attributed to very strong H-bonded CfO groups [47]. However,
poly-L-proline II structure [35,41,57,58] or a small amount of
aggregation of the peptides, similarly as in DMSO [52], might
also contribute to this band. The characteristic vibration band of
the tryptophan side chain appears in buffer around 1333 cm−1
[41].
Generally, the width of the amide I′ band contour is
noticeably narrower in DPC than in other matrices for all
peptides, indicating more confined and uniform structures of the
peptides upon interaction with micelles. The same is true for theFig. 4. IR spectra in the amide I′ region (left) and CD spectra (right) of Tritrp1 in buff
under each experimental IR spectrum were generated by the curve fitting procedureArg side chain vibration bands. The other most significant
spectral changes for specific peptides are given below.
3.4. CD spectra assignments
Most of the CD spectra exhibit a large negative band
centered at 227 nm. Such a band around 230 nm was shown to
arise due to the interaction of the aromatic rings of Trp with the
peptide backbone and stacking of the Trp rings [27,30,53,59].
This band can be either positive or negative depending on the
orientation of the Trp aromatic rings relative to the peptide
backbone. CD spectra showing the large negative band at
227 nm have been suggested to represent mainly turn structure
in Trp-rich peptides [53] and are assigned as such in this work.er, ethanol and DPC micelles. Individual component bands (dotted lines) shown
. The Trp absorption band is shown in the insert for buffer and DPC systems.
Fig. 5. IR spectra in the amide I′ region (left) and CD spectra (right) of Tritrp2 in buffer, ethanol and DPC micelles. Individual component bands (dotted lines) shown
under each experimental IR spectrum were generated by the curve fitting procedure. Trp absorption band is shown in the insert for buffer and DPC systems.
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certain orientation relative to the backbone and allow for
stacking of aromatic residues, which would give rise to a large
aromatic CD band at 230 nm.
Contribution of the strong CD signal arising from the
aromatic side chains, which dominated most of the spectra and
obscured secondary structure spectral features, did not allow
using automatic secondary structure estimation procedures.
Such procedures require a pure secondary structure CD signal
without considerable contributions from the side chains. There-
fore, we could only deduce qualitative rather than quantitative
information on the peptide secondary structure from the CD
spectra based on the previously established assignments of the
CD spectral features by other authors (e.g., [27,30,53,59]).Fig. 6. IR spectra in the amide I′ region (left) and CD spectra (right) of Tritrp3 in buff
under each experimental IR spectrum were generated by the curve fitting procedure3.5. Indolicidin
The indolicidin CD spectrum in buffer (Fig. 2) is characte-
rised by a large negative band around 207 nm and a weak
positive band with the maximum around 230 nm. The curve
intercepts with the x-axis at around 226 nm. Such a spectrum
can represent either the poly-L-proline II helix [20,24,29,53] or
turn structures [23,29,30,53,59] possibly combined with some
portions of unordered structure [9,46,60]. The IR spectrum of
this peptide in buffer shows both turn and random coil
structure bands (Fig. 2 and Table 2), but no poly-L-proline II
band around 1620–1635 cm−1 [35,41,57,58] was detected by
the second derivative resolution enhancement technique. This
allows us to assign the CD spectrum to a combination of turner, ethanol and DPC micelles. Individual component bands (dotted lines) shown
. The Trp absorption band is shown in the insert for buffer and DPC systems.
Fig. 7. IR spectra in the amide I′ region (left) and CD spectra (right) of Tritrp4 in buffer, ethanol and DPC micelles. Individual component bands (dotted lines) shown
under each experimental IR spectrum were generated by the curve fitting procedure.
1602 V.V. Andrushchenko et al. / Biochimica et Biophysica Acta 1758 (2006) 1596–1608and random coil structures rather than to the poly-L-proline II
helix.
The 1649 cm−1 random coil IR band in buffer is replaced
by an α-helical band at 1657 cm−1 in ethanol (Fig. 2, Table
2), while the turn bands (1681 and 1637 cm−1) remain in
the ethanol spectrum. The CD spectrum in ethanol shows a
large negative band with a minimum at 203 nm and a
negative shoulder around 220 nm indicating a combination
of mainly unordered structure with some α-helical segments
[44–46,50].
The IR spectrum of indolicidin in DPC micelles displays a
combination of turn and random coil bands (Fig. 2, Table 2). ATable 2
IR absorption band positions (in wavenumbers, cm−1) determined with the aid of s
antimicrobial peptides in buffer, ethanol and DPC
Peptide Solvent Turns α-helix Unordered β-
H
Indolicidin Buffer 1667 (18) 1649 (39) 16
Ethanol 1681 (26) 1657 (30) 16
DPC 1661 (46) 1648 (29) 16
Tritrpticin Buffer 1660 (40) 16
Ethanol 1680/1672 (50) 16
DPC 1696/1683/1662 (100)
Tritrp1 Buffer 1661 (45) 16
Ethanol 1680/1669 (53) 16
DPC 1661 (73) 16
Tritrp2 Buffer 1662 (43) 16
Ethanol 1685 (15) 1658 (37) 1641 (31)
DPC 1681/1665 (41) 1646 (34) 16
Tritrp3 Buffer 1660 (28) 1648 (38) 16
Ethanol 1681 (23) 1659 (52) 16
DPC 1660 (38) 1650 (38) 16
Tritrp4 Buffer 1668 (34) 1640 (66)
Ethanol 1693/1678 (31) 1659 (36) 16
DPC 1695/1681/1662 (75) 1651 (25)
Assignments are given based on [33–36,41,42,47,48,52,57,58]. Italic numbers in br
s.ch.—side chain; sym—symmetric; asym—asymmetric; H.b.—strong H-bonds inlarge increase in the intensity of Arg side chain bands
(especially the symmetric vibration) is seen in the DPC
spectrum compared to the buffer. The CD spectrum shows
two large negative bands centered at 204 and 227 nm and a
positive peak at 216 nm. These features are characteristic for a
turn conformation [13,23,24,29,53,59]. A strong negative band
at 227 nm coupled with the positive peak at 216 nm represents
an exciton splitting produced by stacked Trp aromatic
chromophores [53]. Furthermore, the strong negative band at
205 nm indicates significant amounts of unordered structure in
the peptide [44–46]. The CD spectrum reproduces well the
previously published data [23,24,29,53].econd derivative technique for amide I and side chain spectral regions for six
turn stabilizing
-bonds
H.b./PPII/aggr. Tyr
s.ch.
Arg s.ch.
[asym/sym]
Trp
s.ch.
Trp IR
shift
38 (43) 1607/1581 1333
37 (26) 1620 (18)
31 (16) 1624 (9) 1603/1583 1338 +5
39 (60) 1607/1581 1333 +7
39 (30) 1622 (20)
1340
36 (55) 1607/1582 1333
38 (28) 1620 (19)
34 (27) 1604/1581 1340 +7
36 (57) 1335
1618 (17)
34 (22) 1622 (3) 1339 +4
32 (34) 1606/1581 1332
36 (14) 1621 (11)
31 (24) 1603/1581 1339 +7
1612 /1584
38 (33) 1618 N/A N/A
1619 /1587
ackets show tentative percentage of each structure obtained from curve fitting.
β-turns; PPII—poly-L-proline II; aggr.—aggregation.
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IR spectra of tritrpticin in all systems suggest turns as the
main structure in this peptide (Fig. 3, Table 2). CD spectra are
very similar to each other and also characteristic of turn
structures. The lack of an IR band around 1645 cm−1 and any
strong negative CD bands in the region 196–206 nm indicates
that, in contrast to indolicidin, there is no significant random
coil structure in tritrpticin [27]. Two IR bands in ethanol at 1672
and 1680 cm−1, assigned to turns, point at two different types of
turn structures in the molecules or two populations with
different turns. Three different high wavenumber turn bands
appear in the IR spectrum in DPC, also suggesting several
different conformers.
3.7. Tritrp1
Similarly to tritrpticin, both IR and CD data for Tritrp1
suggest largely turn structure with no significant amounts of
random coil in all systems (Fig. 4, Table 2). All of the CD
spectra of Tritrp1 and the IR spectra in buffer and ethanol are
very similar to those of tritrpticin. The IR spectrum of Tritrp1 in
DPC shows only one high wavenumber turn component in
contrast to the three components in tritrpticin discussed above.
3.8. Tritrp2
All Arg residues have been replaced in Tritrp2 with Lys,
which does not have strong side chain IR absorption bands in
the vicinity of the amide I′ region. Therefore, all IR bands in the
spectra of Tritrp2 arise only from CfO groups of the peptide
backbone (Fig. 5 and Table 2). Only the turn IR bands are seen
in the buffer spectrum. The IR spectrum in ethanol displays a
relatively weak band at 1685 cm−1 assigned to turns with two
other bands in the regions of α-helix and random coil at 1658
and 1641 cm−1, respectively. A band at 1646 cm−1 in DPC
suggests in addition to turn structures contributions from
random coil. All CD spectra of Tritrp2 are similar to each other
and to those of tritrpticin and Tritrp1, suggesting mainly turn
structure for this peptide.
3.9. Tritrp3
The Pro residues have been replaced with Ala residues in
Tritrp3 in order to increase its α-helical propensity. Contribu-
tions from random coil and turn structures are seen in buffer
from both IR and CD spectra (Fig. 6, Table 2). The major IR
band at 1659 cm−1 in ethanol reflects the presence of α-helical
structure. Aweaker band at 1681 cm−1 suggests the presence of
turns. Similar to the ethanol solution, the major IR band at
1650 cm−1 indicates a significant degree of α-helical structure
for Tritrp3 in DPC. However, the turn bands also appear in the
spectrum at 1660 and 1631 cm−1. The CD spectra of Tritrp3 in
ethanol and in DPC both have pronounced double minima
around 210 and 220 nm and a strong maximum around 195 nm.
These spectral features allow us to assign both spectra to α-
helical structures [44–46,50]. In addition, the spectrum in DPChas a relatively strong positive band at 230 nm. Considering the
high intensity of this band and the absence of the negative band
at 205 nm, this feature cannot be assigned to the poly-L-proline
II helix [20,27,29,31]. Therefore, this positive band is most
probably due to the contribution of the Trp aromatic rings
[30,53,59]. The positive sign of the band indicates that the Trp
rings in the helix have different orientation relative to the
peptide backbone compared to the orientation in turn structures
producing a negative band [29,59].
3.10. Tritrp4
All Trp residues have been replaced with Tyr residues in
Tritrp4. As a result, a Tyr side chain vibration band appears in
the IR spectrum around 1612 cm−1 [41,42] (Fig. 7 and Table 2).
A major random coil band at 1640 cm−1 with weaker
contribution from turns at 1668 cm−1 is seen in the IR spectrum
of Tritrp4 in buffer. The CD spectrum, showing the lack of the
weak positive band at 230 nm characteristic for poly-L-proline II
and the negative band at 206 nm, also suggest that a
combination of unordered structure and turns is the most
probable conformation [24,44,53,59,60].
Two turn bands above 1670 cm−1 along with an α-helical
band at 1659 cm−1 comprise the amide I contour of the IR
spectrum in ethanol. The CD spectrum of Tritrp4 in ethanol
exhibits a double minimum, characteristic for α-helix, at 207
and 225 nm although the latter band is shifted compared to the
standard value of 222 nm [44,45,50]. The positive band at
195 nm, which is also characteristic for α-helical structure, is
relatively weak.
The IR spectrum of Tritrp4 in DPC displays three turn
related absorption bands, indicating several conformers with
different turn structures in the solution. Additionally, an α-
helical structure is shown by the IR band at 1651 cm−1. The
CD spectrum in DPC exhibits negative bands at 224 nm and
around 195 nm and a positive peak around 210 nm. A
possible assignment of this spectrum are extended turn
structures with the possibility of some α−helical contributions
[27,30,53,59].
It should be noted that the CD spectra of Tritrp4 in all
solvents studied show abnormally low ellipticities (compare
spectral intensity for Tritrp3 and Tritrp4 in Figs. 6 and 7, plotted
on the same scale). This might possibly be a result of multiple
peptide conformations in all solvents. As suggested previously
[14], these CD spectra might represent an average of multiple
structures with different spectra, which might partially cancel
out, thus reducing the average ellipticity.
4. Discussion and conclusions
4.1. Tritrpticin analogs
Tritrp1 has the same amino acid sequence as the parental
tritrpticin, but its C-terminus is amidated (Table 1), thus
increasing the net positive charge, which is important for
antimicrobial activity [2,4]. To investigate the importance of the
type of charged residue, all Arg residues were substituted to Lys
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net positive charge of the peptide did not change.
The presence of an α-helical structure in antimicrobial
peptides is considered to facilitate their interaction with
membranes thus assisting in membrane lysis [2,4]. Due to the
two Pro residues tritrpticin cannot form an extensive α-helical
conformation, as Pro residues prevent α-helical and β-sheet
structures [9]. Therefore, a tritrpticin analog Tritrp3 was
synthesized with both Pro residues replaced by the helix
facilitating Ala [14,21,29].
It has been suggested that Trp residues play an important role
in the hemolytic and antibacterial activity of tritrpticin [14,21].
To investigate the importance of the type of aromatic residue on
tritrpticin structure and interactions with micelles, Trp residues
were replaced by Tyr in Tritrp4 analog.
4.2. DMSO
The ability of DMSO to destroy intramolecular H-bonding
was used to screen the solvent accessibility of a peptide and the
existence of any strong undisrupted intramolecular H-bonds
[47,48]. It was shown that peptides with cyclic structures are not
exhibiting any significant wavenumber shift of the amide I band
maximum in DMSO compared to other solvents, indicating that
intramolecular H-bonds in cyclic peptides are not accessible to
the solvent [47]. Only peptides forming extended structures
show the single narrow absorption at 1663 cm−1 in DMSO due
to the breaking of all intramolecular H-bonds by this solvent
[47,48,52]. The single narrow band with maximum at
1663 cm−1 (Fig. 1) demonstrates that DMSO effectively
disrupts all intramolecular peptide hydrogen bonds, resulting
in all “free” carbonyls. This implies that the peptides under study
form extended structures that are easily accessible to the solvent.
4.3. Buffer
Analysis of the IR absorption and CD spectra shows that all
peptides have a strong propensity to form turn structures in most
of the solvents (Table 2). However, random coil and α-helical
conformations appear in some solvents as additional structural
elements.
While there is no single opinion on the structure of indolicidin
in aqueous solutions in the literature, our data show extended
turn structure (61%) with a high amount of random coil (39%)
for indolicidin in buffer (Table 2), thus supporting the suggestion
of Ladokhin et al. that the turns but not poly-L-proline II helix,
is the most probable structure for indolicidin in aqueous solu-
tions [53]. In addition, we attribute the weak positive CD band at
230 nm to the Trp aromatic ring contribution [59] whereby its
positive sign indicates that the Trp rings adopt a different
orientation relative to the peptide backbone in water compared to
the DPC matrix, where this band is negative (Fig. 5).
Tritrpticin, Tritrp1 and Tritrp2 demonstrate turns as the main
structure of these peptides in buffer (Table 2). The lack of an IR
band around 1645 cm−1 and a negative CD band around
200 nm suggest that, in contrast to indolicidin, there is no
significant random coil structure in all three peptides. However,a significant amount of random coil (38%) appears in Tritrp3
and mostly an unordered conformation (66%) is observed for
Tritrp4 in buffer. Yang et al. have also reported a significant
amount of unordered structure for a non-amidated analog of
Tritrp3 in buffer [21]. Such structural variations of tritrpticin
analogs provides a hint that the type of the charged residue is
less important for the peptide structure in aqueous solutions,
while the type of the aromatic side chain is more essential. This
might show higher significance of hydrophobic vs. electrostatic
interactions in the structure formation of the peptides. The
increased α-helical propensity of Tritrp3 may possibly
contribute to lower stability of turns endorsing peptides to
transit from well-defined turn–turn structure to the helical
conformation but not reaching a stable helix in aqueous solution
and instead resulting in an unordered structure.
4.4. Ethanol
Ethanol is known to induce an α-helical conformation in
peptides and proteins [44,51]. However, the presence of three
helix-breaking Pro residues in indolicidin and two in tritrpticin
and all of its analogs (except Tritrp3) should prevent the
formation of extensive α-helical structure [9].
In line with the expectation, our data suggest mainly turn
structure for most of the Pro-containing peptides in ethanol.
However, despite the presence of Pro residues, in addition to
turns, α-helical fragments can also be suggested for indolicidin
(30%), Tritrp2 (37%) and Tritrp4 (36%) (Table 2).
As expected from Pro→Ala substitution in Tritrp3, this
peptide formed extensive and stable α-helical conformation in
ethanol (52%). Similar Pro→Ala substitution analogs of non-
amidated tritrpticin [21] and indolicidin [29] showed an
increased propensity to form α-helical structures as well.
4.5. TFE
Despite strong α-helix inducing capabilities of TFE [49], no
substantial helical structure was apparent in any of the peptides
in this solvent (spectra not shown). The bandshape of amide I′
band in IR spectra for most of the peptides was similar to the
bandshape in buffer, suggesting similar peptide conformations
in both solvents. Other authors have shown that indolicidin
structure in TFE is very similar to that in aqueous solutions
[9,13,23,31]. We can now extend this finding to tritrpticin
analogs.
4.6. DPC
All studied peptides showed less conformational flexibility
and more defined and stable structures in DPC micelles
compared to buffer. All the peptides also displayed a significant
shift of the tryptophan side chain IR band to higher
wavenumbers. These observations indicate that all the peptides
interact with DPC to a certain extent.
Both IR and CD spectra suggest predominantly turn
structures for all peptides in DPC micelles. While tritrpticin
and Tritrp1 exhibit only turn conformation, indolicidin and
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respectively) and unordered structure (29% and 34%, respec-
tively) and Tritrp4 shows a combination of turns (75%) and
some amount of α-helix (25%) (Table 2). Thus, the data for
indolicidin and tritrpticin are in good agreement with earlier
NMR studies [24,26]. However, the turn structures in tritrpticin,
Tritrp1 and Tritrp4 are not equivalent. Tritrp1 shows a single
conformational population with uniform turns, while the other
two peptides represent several populations with some variations
in the turn structures, pointing at dissimilar degree of peptide–
micelle interaction in different peptide populations. The lack of
the turn-stabilizing IR band in the region of 1630–1640 cm−1 in
tritrpticin and Tritrp4 also implies that the structure of the turns
in these peptides is different from the others and possibly not
stabilized by intramolecular H-bonds but rather by the
interaction with the DPC micelles. The presence of several
peptide populations suggests weaker interactions of these two
peptides with DPC compared to Tritrp1. Such a possibility of
multiple conformations of Tritrp4, even upon insertion into
DPC micelles, was also suggested by NMR data [14].
Despite the presence of random coil elements in indolicidin,
its overall structure is fairly uniform. Good reproducibility of the
previously published CD data for indolicidin in DPC and SDS
micelles [23,24,29,53] also points at high constancy of the
peptide structure in micellar environment. The significant
increase of the IR intensity of the Arg side chain vibrations in
indolicidin might indicate a preferential interaction of the
hydrophobic segments of the peptides with the zwitterionic
DPC micelles thus exposing the positively charged Arg tails to
thewater. In this case theArg tail interactionwith theATR crystal
might increase, resulting in increased absorption band intensity
and shift of the band position. Similar Arg side chain IR band
intensity increase can be also noticed for Tritrp1 and Tritrp3 in
DPC compared to buffer (Figs. 4 and 6). Another reason for such
an increase of the IR intensity of Arg bands might be due to
strong interactions of the positively charged Arg side chain tails
with the π-system of the Trp aromatic rings, which was recently
shown to take place in Trp- and Arg- rich peptides [61].
The structure of Tritrp3 in DPC stands aside from the other
peptides due to its high helix-forming capability. Similar to the
ethanol solution, Tritrp3 exhibits relatively extensive α-helical
segments in DPC (38%), which might be connected by turn
structures. The data for Tritrp3 in Table 2 suggest the
appearance of α-helical structure in both ethanol and DPC
mainly at the expense of the unordered fragments in buffer.
The strength of the peptide interaction with DPC micelles
can be estimated by monitoring the shift of the tryptophan side
chain IR band. Due to the zwitterionic nature of the DPC
micelles, the hydrophobic interactions between the peptide Trp
rings and the micelles would be more important than
electrostatic interactions and stronger interactions would induce
larger spectroscopic changes of the Trp IR band. The
examination of the shift of this band in Table 2 suggests
stronger interactions for tritrpticin, Tritrp1 and Tritrp3 (7 cm−1
shift) compared with the Tritrp2 (4 cm−1 shift). The presence of
random coil in Tritrp2 (34%) might possibly also be connected
to weaker interaction with the micelles. Indolicidin, whichexhibits a significant amount of extended structure (39%), also
shows a smaller shift of 5 cm−1. In spite of a similar Trp band
shift displayed by tritrpticin, Tritrp1 and Tritrp3, the multiple
conformers of tritrpticin would suggest its weaker interaction
with micelles compared to the other two peptides.
In addition to the band shift, the width of the Trp band
decreases for Tritrp3 in DPC compared to buffer (insert in Fig.
6). Such spectral change indicates more ordered Trp aromatic
rings in DPC, which would enhance their stacking and
concomitantly increase the vibrational coupling resulting in a
narrower band, as seen in DPC. The CD data (Fig. 6) show that
the aromatic rings for Tritrp3 in DPC are quite ordered, however
their orientation relative to the peptide backbone in the helix is
different than the one observed in turn structures [29,53,59].
NMR also shows different clustering of the aromatic rings in the
Tritrp3 helical structure compared to the turn–turn structures of
the other tritrpticin analogs [14].
Due to lack of the Trp residues in Tritrp4 its interaction with
DPC cannot be judged from the Trp IR band shift. However, the
presence of multiple conformers of Tritrp4 suggests that this
peptide does not interact strongly with DPC micelles.
The conclusions obtained above on the peptide–DPC
interaction from the IR data are in general agreement with
studies of these or similar peptides done by other techniques
[14,32].
4.7. Comparison of peptide structures in DPC with previous
NMR data
One of the objectives of the current investigation was to
compare the structural information obtained from IR and CD
results in DPCmicelles with NMR data available in the literature
in order to validate the structural conclusions, obtained from the
IR and CD spectra of these peptides with atypical amino acid
content. This comparison is shown in Table 3. Good agreement
of IR and CD with NMR structures confirmed the presented
assumptions and validates the structural conclusions. This result
will allow making more confident judgments about peptide
conformation in complex lipid–peptide mixtures (for which no
structural information is available from NMR) based on the
presented IR and CD methodology. Such studies of the lipid–
peptide mixtures are currently underway in our laboratory.
4.8. Conclusions
A combined FTIR and CD investigation was used to study
the structure of tritrpticin and its analogs in various solvents
with different polarity as well as in DPC micelles. The results
obtained confirmed the previous CD and NMR data for
indolicidin as well as NMR data for tritrpticin and its analogs,
showing that all peptides studied (except Tritrp3) preferentially
adopt turn structures in DPC micelles. The turn structures
formed by tritrpticin in DPC micelles are more compact and
more conformationally restricted compared to indolicidin. In
contrast to indolicidin, no random coil structure was observed in
the tritrpticin analogs bound to DPC micelles (except Tritrp2).
In agreement with previous data, the IR spectra suggest that
Table 3
Comparison of peptide structures in DPC with previous NMR data
Peptide Structure in DPC Aromatic ring clustering
NMR IR CD NMR CD
Indolicidin Extended turn–turn
(boat-like) a
Extended turn–turn
(turn–random-turn)
Turn+random Relatively compact, somehow similar
to tritrpticin, Tritrp1, Tritrp2, but not
exactly the same
Tritrpticin Compact turn–turn b, c Turn (possibly
multiple conformers)
Compact turn Compact; very similar for
tritrpticin, Tritrp1, Tritrp2b,c, d
Compact; very similar for tritrpticin,
Tritrp1, Tritrp2
Tritrp1 Compact turn–turn d Compact turn Compact turn Compact; very similar for
tritrpticin, Tritrp1, Tritrp2 d
Compact; very similar for tritrpticin,
Tritrp1, Tritrp2
Tritrp2 Compact turn–turn d Turn+random Compact turn Compact; very similar for
tritrpticin, Tritrp1, Tritrp2 d
Compact; very similar for tritrpticin,
Tritrp1, Tritrp2
Tritrp3 Well-defined α-helix d Extensive α-helix+
some turn
Extensive α-helix+
some turn
Less compact; different from
tritrpticin, Tritrp1, Tritrp2 d
Less compact; different from
tritrpticin, Tritrp1, Tritrp2
Tritrp4 Multiple
conformations d
Multiple conformations;
mostly turns
Multiple
conformations
Multiple conformations d Multiple conformations with
different clustering
a [24].
b [26].
c SDS micelles were used instead of DPC.
d [14].
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might be present in buffer, only one major turn structure was
apparent in DPC micelles for all peptides except Tritrp4. The
peptides showed the following preference in their interaction
with DPC micelles: Tritrp3∼Tritrp1> tritrpticin> indolicidin>
Tritrp2∼Tritrp4. This result generally correlates well with the
peptide hemolytic activity, while less correlation is noticed with
the peptide antimicrobial activity (based on activity data from
[14]). Better correlation with the peptide hemolytic activity
should be expected considering that DPC micelles serve as
models for mammalian cells. Tritrp3 with the Pro→Ala
substitution adopted a large fraction of α-helical structure in
DPC micelles, while Tritrp4 with Trp→Tyr substitution
showed multiple conformations in DPC.
Tritrpticin and its analogs (except Tritrp3) have a strong
propensity to form turns not only in DPC but in all solvents
studied. While ethanol was able to promote a stable α-helical
structure in Tritrp3 and less extensive helical elements in other
peptides, TFE did not facilitate the helical conformation and
resulted in a peptide structure more similar to that in aqueous
buffer. We established the following order for the peptides
according to their propensity for α-helical structure in ethanol:
Tritrp3>Tritrp4∼Tritrp2> indolicidin > tritrpticin∼Tritrp1.
We did not find any direct correlation between the peptide
α-helical propensity and degree of interaction with DPC
micelles. Likewise, we cannot establish any direct correlation
between the peptide α-helical propensity and their activity
(based on activity data from [14]). While Tritrp3, exhibiting the
highest antimicrobial and hemolytic activity, also has the highest
α-helical propensity, Tritrp1, also demonstrating relatively high
activity, shows no clearly detectable propensity for α-helix
formation. Due to a complete disruption of the intramolecular
hydrogen bonding by DMSO all studied peptides demonstrated
high solvent accessibility and the absence of strong intramole-
cular hydrogen bonding. Application of IR spectroscopy
allowed us to shed light on the presence or absence of poly-L-
proline II structure in indolicidin (as well as in other peptides) inaqueous buffer, which previously raised some confusion based
on the CD data alone. The IR data allowed us to rule out such a
possibility in favour of turn structures under our experimental
conditions. Good agreement of IR and CD with previous NMR
data was obtained for the peptide secondary structures in DPC,
thus validating the IR and CD structural information for these
atypical peptides.
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